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Abstract. GCM-based forecast simulations predict continuously increasing seasonality of the sea 19 
ice cover and an almost ice-free, summer-time, Arctic Ocean within several decades from the 20 
present. In this study we use a primitive equation ocean model: NEMO, coupled with the sea ice 21 
model LIM2 to test the hypothesis that under such increased range in seasonal ice cover the 22 
intensity of shelf-basin water exchange will significantly increase. We use the simulated results for 23 
the Laptev Sea from a global model run 1958-2007 and compare results for two years with 24 
anomalously high/low summer sea ice extent: 1986-1987 and 2006-2007. The shelf-basin fluxes of 25 
volume, heat and salt during specific seasons are evaluated and attributed to plausible driving 26 
processes, with particular attention to dense water cascading. Analyses of the model temperature 27 
distribution at the depth of the intermediate maximum, associated with Atlantic Water, have 28 
demonstrated marked increase of the amount of the local origin cold water in late winter 2007 in the 29 
region, where dense water typically appears as a result of its formation on the shelf and subsequent 30 
downslope leakage. Calculation of the shelf-basin exchange during March-May in both years 31 
confirmed a substantial increase of fluxes in „ice-free‟ 2007 compared to the „icy‟ 1987, on the 32 
average by 2 times.  According to several past model studies, dense water production on Arctic 33 
shelves in winter driven by ice freezing and salt ejection is not likely to cease in a warmer climate, 34 
but rather the opposite. There is also observational evidence that cascading in the seasonally ice 35 
covered seas (e.g. the Barents Sea) is much more efficient than it is in the permanently ice covered 36 
Arctic Ocean, which supports the presented model results.  37 
 38 
 39 
1. Introduction 40 
This study was motivated by substantial reduction of the summer sea ice in the Arctic 41 
Ocean in 1990-2010s, which accelerated after the “instant” decline of the ice-covered area in 42 
September 2007 by about 40% of the previous year seasonal minimum. In contrast with the summer 43 
ice extent, the winter one has not radically changed over these years. This seasonal dissimilarity 44 
eventually led to dominance of the first-year ice over the multiyear ice. Between 2004 and 2008 the 45 
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area of the first-year ice exceeded the area of the multiyear ice by about a factor of two (Kwok et al. 46 
2009). GCM-based simulations predict continuously increasing seasonality of the sea ice cover and 47 
almost ice-free Arctic Ocean in summer within several decades from the present. (CMIP5, 48 
http://pcmdi3.llnl.gov/esgcet).  49 
What consequences for the other components of the Arctic environment could we expect if 50 
such scenario becomes reality? A retreating summer ice edge increases the size of the marginal ice 51 
zones (MIZ) – the transient area between the open water and ice-covered ocean. Rapid changes in 52 
the state of the ocean surface over the limited distance mean high horizontal gradients of properties 53 
in oceanic and atmospheric boundary layers below and above the MIZ. High gradients trigger 54 
strong motions in both strata, providing favorable prerequisite conditions for intensive horizontal 55 
and vertical exchange of properties. In a general sense, decreasing ice cover is shifting the energy 56 
balance at the sea-air interface to a higher level, which is characterized by intensified fluxes of 57 
momentum, heat and moisture. In several past studies it has been shown that the retreat of the 58 
summer ice edge in the Arctic Ocean also enhances horizontal and vertical exchange of water 59 
across the shelf-break.  60 
The efficiency of shelf-basin exchange in the areas neighboring the MIZ is strongly 61 
controlled by the location of the ice edge relative to the bottom topography. In summer season 62 
retreat of the ice edge seaward of the shelf-break favors wind-induced upwelling to deliver salty, 63 
nutrient-rich water from the deep on shelf (Carmack and Chapman 2003). Continuous retreat of the 64 
ice cover exposes waters off the shelf-break for longer periods of time, increases the intensity of 65 
upwelling, efficiency of mixing and shelf-basin exchange (Pickart et al 2009, Rainville et al, 2011). 66 
In winter season, when the Arctic Ocean is almost totally covered by ice, pockets of active shelf-67 
basin water exchange are associated with latent-heat polynyas – extended openings in the ice cover, 68 
which separate fast and pack ice (Maqueda et al. 2004). Dense water, forming inside polynyas as a 69 
result of freezing and brine ejection, leaks down the continental slope in shape of bottom boundary 70 
current (cascading). Shelf-slope cascading invokes compensatory ascending flow of the deep water 71 
onto the shelf, providing efficient means of shelf-basin water exchange (Kampf 2005, Ivanov and 72 
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Golovin 2007). Similar to upwelling, polynyas are generated by the favorable wind which breaks up 73 
the fast ice and moves ice floes offshore (Pease 1987). Later onset of freezing, due to progressive 74 
degradation of the summer ice cover, predisposes thinner ice during the next winter (Stroeve et al. 75 
2011). Thinner ice is more mobile and fragile, thus being stronger affected by the wind stress. 76 
Thence, we may anticipate that in the warming climate shrinking summer ice cover should facilitate 77 
shelf-basin water exchange throughout the entire year. 78 
 79 
Figure1. The study area. Smoothed bottom topography of the shelf-slope is shown by solid lines. 80 
Polygon marks the region, where flux calculations were performed. 81 
 82 
In this study we use hindcast results from a primitive equation ocean model NEMO 83 
(Madec et al. 1998), coupled with the sea ice model LIM2 (Fichefet and Maqueda 1997) to test this 84 
hypothesis in the Laptev Sea (Figure 1). The Laptev Sea plays very specific role in shaping the 85 
Arctic Ocean climate conditions. The major Arctic surface current - the Transpolar Drift, 86 
predominantly originates in the northern Laptev Sea and transports sea ice towards Fram Strait 87 
(Wiese 1948, Nikiforov and Shpaikher 1980, Krumpen et al. 2013). Intensity of the Transpolar Drift 88 
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is controlled by the prevailing atmospheric forcing - cyclonic/anticyclonic (Proshutinsky and 89 
Johnson 1997). The type of atmospheric circulation also preconditions local hydrography by 90 
changing the pathways of riverine waters (Dmitrenko et al. 2010a, Morison et al. 2012), and 91 
facilitating/impeding shelf-slope exchange due to cascading/upwelling (Rudels et al. 2000, 92 
Dmitrenko et al. 2010b). The Laptev Sea shelf is a prominent dense water formation site (Aagaard 93 
et al. 1981, Martin and Cavalieri 1989, Dethleff 2010). Cold dense water, which forms in winter 94 
polynyas on the north-western shelf, cascades into adjacent deep basin, modifying AW (Ivanov and 95 
Golovin 2007), which circulates cyclonically around the major Arctic basins (Rudels et al. 1994).   96 
 97 
Figure 2. Time series of ice extent (15% concentration) according to satellite data: open circles 98 
denote winter season (Dec – May), triangles denote summer season (Jun – Nov) (Cavalieri 1996, 99 
http://nsidc.org/data/nsidc-0051.html). 100 
 101 
In 1990-2010s sea ice conditions in the Laptev Sea have undergone similar changes as 102 
those on the pan-Arctic scale. Seasonality of the ice cover substantially increased after 2005 (Figure 103 
2), while the mean ice thickness had diminished (Frolov et al. 2009). This observed rapid transition 104 
provides an opportunity to test theoretical hypotheses on the effect of the sea ice state on shelf-slope 105 
exchange . The goal of this study is to quantify the range of possible effects produced by increasing 106 
seasonality of the sea ice cover on shelf-basin exchange in the Laptev Sea. To achieve this goal, we 107 
used results of the global NEMO-LIM2 model run 1958-2007. We post-processed and analyzed the 108 
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yearly model output with respect to the Laptev Sea for two years with high/low summer ice extent: 109 
1986-1987 and 2006-2007 (see Figure 2). The major target of the analysis was the evaluation of 110 
shelf-basin fluxes of volume, heat and salt during specific seasons and their attribution to plausible 111 
driving processes, with particular attention to dense water cascading.  112 
The paper consists of 5 sections. In the second section we briefly describe the 113 
configuration of the global NEMO model used for this study. In Section 3 we present model results 114 
with respect to the Laptev Sea, and compare model output with available observations and satellite 115 
data. Calculation of fluxes and their comparative analysis for two selected years is carried out in 116 
Section 4. Discussion of obtained results and general conclusions finalize the paper.  117 
 118 
2. Methods 119 
2.1 Global NEMO-LIM2 configuration 120 
The Nucleus for European Modelling of the Ocean (NEMO) is a state-of-the-art modeling 121 
framework for oceanographic research, operational oceanography seasonal forecast, and climate 122 
studies (http://www.nemo-ocean.eu/). The NEMO ocean model is a primitive equation model  123 
OPA9 (Madec et al. 1998) adapted to regional and global ocean circulation experiments. It is 124 
designed to be a flexible tool for studying the ocean and its interactions with other components of 125 
the earth climate system (in particular sea-ice) over a wide range of space and time scales. 126 
Prognostic variables are the three-dimensional velocity field, a linear or nonlinear sea surface 127 
height, temperature, and salinity. In the horizontal direction, the model uses a curvilinear orthogonal 128 
grid and in the vertical direction, a full- or partial-step z-coordinate, or s-coordinate, or a mixture of 129 
the two. For the present study the model is configured on a common tri-polar Arakawa C-grid with 130 
the poles placed at the geographical South Pole, in Siberia and in the Canadian tundra. The grid has 131 
a horizontal resolution of 6-12 km in the Arctic Ocean admitting larger ocean eddies. There are 75 132 
vertical levels (1-41 m thick in the upper 400 m, increasing to 204 m thick at 6000 m). For these 133 
simulations (1958–2007), the model was driven by the Common Ocean-Ice Reference Experiments 134 
(CORE2) dataset.  The ocean model is coupled to the Louvain-la-Neuve sea ice model LIM2 135 
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(Fichefet and Maqueda 1997), updated for the use in the high-resolution configurations  (Johnson et 136 
al. 2012).  NEMO simulations have been thoroughly analysed and evaluated against the available 137 
observational data in the Arctic Ocean Intercomparison Project (AOMIP, Proshutinsky et al. 2011) 138 
and show good agreement with observed fields in the Arctic and subarctic seas, such as sea ice 139 
concentration and thickness, mixed layer depth and with the observed oceanic fluxes through the 140 
key straits connecting the Arctic Ocean to the World ocean (Lique et al. 2009, Jahn et al. 2012, 141 
Johnson et al. 2012).  142 
 143 
2.2. Calculation of fluxes 144 
Generally, the significance of a specific physical processes to the maintenance of the given 145 
climate state of the system (ocean, atmosphere etc.) is assessed by some measurable parameters, 146 
which may characterize the overall (bulk) intensity of the considered process. The bulk components 147 
of the climatic structure of the ocean are water masses – large bodies of water with nearly similar 148 
temperature and salinity characteristics (Encyclopaedia Britannica 2014). Changes of 149 
temperature/salinity within water masses are caused by horizontal and vertical fluxes of heat/salt 150 
across their boundaries. Hence, the magnitude of heat/salt fluxes between water masses, associated 151 
with the studied process may serve as a measure of the efficiency of this process in changing the 152 
given state of the ocean. In this study we were interested in changes of shelf-basin water exchange 153 
in the Laptev Sea, which may be quantitatively characterized by changes in corresponding heat/salt 154 
fluxes.   155 
At the post-processing stage model results were used for calculating volume/heat/salt 156 
fluxes (Fk) according to the algorithm introduced in (Ivanov and Golovin 2007): 157 
 158 
 
2
1
2
1
))((
1
,,,
1212
2121
z
z
n
x
x
k dzvKdx
zzxx
=t),zzx(xF     (*) 159 
 160 
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where K(1,ρcPT, ρS) is „vector‟ with components, describing water volume, heat, and salt content; 161 
ΔK is the horizontal contrast between shelf and the deep water; vn is the velocity component normal 162 
to bottom topography and directed offshore; dx is the unit distance along the topography contour 163 
z=H(λ,θ) between the selected lateral boundaries x1 and x2; dz is the unit distance between the 164 
selected lower and upper boundaries z1 and z2. Formula (*) gives specific fluxes of water volume, 165 
heat, and salt through the square with bounds x1, x2, z1 and z2 in conventional system units: m/s, 166 
W/m
2
 and g/sec/m
2
 respectively.  167 
The exact location of the interface between shelf and deep water masses in the Laptev Sea 168 
is variable in time and unknown a priori. In this study we used the approach, used in (Ivanov and 169 
Golovin 2007), and took bottom topography contours (z1) as foundations of 2-dimensional vertical 170 
surfaces to calculate the flux through. In flux calculations, z1 continuously increased from the depth 171 
of the shelf to the depth of the mid-slope. The upper integration limit (z2) was permanently equal to 172 
zero, implying the ocean surface. Lateral bounds (x1 and x2) were taken in accordance with existent 173 
knowledge on the Laptev Sea hydrography. We considered specific region (polygon in Figure 1), 174 
which is prominent for cascading events (Ivanov et al. 2004, Bareiss and Goergen 2005).     175 
 176 
3. Modelled sea ice, thermohaline properties and currents 177 
A detailed analysis of the NEMO model results with respect to the Arctic Ocean 178 
thermohaline structure, ocean dynamics, exchanges through the Arctic straits and sea ice and their 179 
temporal variability can be found in (Jahn et al. 2012, Johnson et al 2012, Lique and Steele 2012, 180 
Jackson et al. 2014). Brief discussion of differences in the pan-Arctic circulation in September 1987 181 
and 2007 is provided in the supplement file. In this section we focus on the results of simulation for 182 
the Laptev Sea around annual (September – September) for two studied years with substantially 183 
different ice conditions, shown in Figure 3 and 4. As follows from these figures, modelled monthly 184 
mean ice extent and ice concentration in the Laptev Sea reasonably coincides with the actual one, 185 
reconstructed from the DMSP (Defence Ministry Satellite Program) SSMR and SSM/I satellite data 186 
(Cavalieri 1996, http://nsidc.org/data/nsidc-0051.html).  187 
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(a) (d) 
  
(b) (e) 
  
(c) (f) 
  
 
Figure 3. Mean monthly ice concentration in 1986-87: September-1986, April-1987, September-
1987 according to satellite data (a, b, c) and model calculations (d, e, f) respectively. 
Although the exact patterns differ in specific regions, the average deviation of the model 188 
data from the actual total ice concentrations within the studied area over 1986-87 and 2006-2007 189 
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does not exceed 14%. This coincidence is generally better in 1986 -1987 and in winter time. The 190 
largest deviation of the model from the actual ice concentration is observed in September 2007, 191 
when model data underestimate actual ice retreat (Figure 4-c, f). It is important to draw attention to 192 
very close similarity between locations of western Severnaya Zemlya polynya in April 2007 in the 193 
model and in the satellite data (Figure 4-b, e). The most intensive cascading in this region typically 194 
occurs in March-April, when the water column on shelf is pre-conditioned by thermohaline 195 
convection through the cold season (Ivanov et al. 2004), and additional input of salt, resulting from 196 
ice freezing inside polynya triggers cascading (Ivanov and Golovin 2007).   197 
(a) (d) 
  
(b) (e) 
  
(c) (f) 
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Figure 4. Mean monthly ice concentration in 2006-07: September-2006, April-2007, September-
2007 according to satellite data (a, b, c) and model calculations (d, e, f) respectively. 
 198 
Thermohaline conditions in the intermediate water layers of the Laptev Sea (from the 199 
depth of the outer shelf, about 100-120 m to 1000-1500 m over the continental slope) is controlled 200 
by three branches of Atlantic Water, Fram Strait Branch (FAW), Barents Sea Branch (BAW), shelf 201 
branch (SAW) and their interactions (Rudels 2013, Ivanov and Aksenov 2013). The existence of the 202 
SAW was predicted in the recent model study by (Aksenov et al. 2011) and is so far confirmed by 203 
indirect observational evidence. The major heat and salt influx into the Laptev Sea is provided by 204 
the FAW. The warm core of the FAW in the studied area is embedded at 230 – 270 m depth (EWG 205 
1997, 1998). Therefore, we have focused on the 250 m depth to depict characteristic features of 206 
thermohaline and dynamical spatial structure, replicated by the model. As follows from Figure 5, 207 
general pattern of temperature and currents has not radically changed over the 20 years under 208 
review. FAW enters the studied area in the north-western corner and moves generally to the east, 209 
gradually losing heat due to horizontal and vertical mixing (Rudels 1994, Ivanov and Aksenov 210 
2013). The strongest flow occurs in the narrow boundary current, which, according to the model 211 
retrospective, contains the SAW, originated in the north-eastern Barents Sea (Aksenov et al. 2011). 212 
FAW core is not associated with high current speed. There are several differences between Figure 5 213 
(a) and (b). The most noticeable features are in the intensity of temperature maximum (higher) and 214 
temperature minimum (lower) in September 2007. Positive temperature shift in 2007 from 1986 is 215 
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likely an indication of continuous AW warming in the Arctic Ocean after 1990 (Polyalov et al. 216 
2005), captured by the model. Our explanation of the lower temperature minimum in September 217 
2007 is based on the hypothesis that a decisive contribution is made by dense water forming and 218 
cascading, to the depth of FAW warm core in late winter 2007. 219 
(a) (b) 
  
 
Figure 5. Model distribution of monthly mean temperature, ºC, and current speed, cm/s at 250 m 
depth in September, 1986 (a) and 2007 (b). 
 220 
Sequential temperature maps at 250 m from September 2006 to September 2007 are 221 
presented in Figure 6. There is no noticeable difference in location and intensity of the cold water 222 
zones from September 2006 (a) through February 2007 (b). An elongated spot with the temperature 223 
slightly below zero is sitting at the slope, in and between two relatively deep tranches, cutting the 224 
continental slope of the north-western Laptev Sea at about 78ºE and 80ºE. This distribution starts 225 
changing in March 2007 (c), when the zone with negative temperature extends intermittently north-226 
westwards along the slope, while the minimum temperature goes down. In April 2007 (d) local 227 
pockets of substantially colder water (< -0.7) appear within the northern trench. This cold water 228 
may not be advected by the boundary current, because there is no signs of water that cold upstream. 229 
From May (e) through July (f) the cold water moves south-eastwards along the slope gradually 230 
filling the southern trench and decreasing the temperature there.  231 
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(a) (e) 
  
(b) (f) 
  
(c) (g) 
  
(d) (h) 
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Figure 6. Model temperature distribution (ºC) at 250 m throughout 2006-07: (a) Sep-2006; (b) Feb-
2007; (c) Mar-2007; (d) Apr-2007; (e) May-2007; (f) Jul-2007; (g) Aug-2007; (h) Sep-2007.  
Contours show smoothed temperature field. 
 232 
In August (g) and September (h) 2007 the tongue of cold water circulates around the southernmost 233 
point of the Laptev Sea shelf and turns with the bathymetry to the north-east. It is important to note, 234 
that by September, 2007 there is no cold water in the region of its origin – the trench at 80ºN. 235 
The evolution of cold anomalies, replicated in the model, confirm our working hypothesis 236 
of the „shelf convection – cascading‟ nature of this phenomenon. According to previous studies, the 237 
most suitable site in the Laptev Sea, where dense water, generated in the local polynya, is able to 238 
attain sufficient density to cascade as deep as the FAW core, is located on the shelf adjoining the 239 
trench at 80ºN (Ivanov et al. 2004). Depending on the actual atmospheric forcing and parameters of 240 
the local polynya (size and frequency of opening through the winter), water with cascading 241 
potential may reach various water layers over the neighbouring continental slope (Ivanov and 242 
Watanabe 2013). According to modelling results, the most effective leaking of dense water 243 
downslope occurs through the trench, invoking compensatory deep water flow on shelf (Ivanov and 244 
Golovin 2007). The timing, which is required for dense water to reach the 250 m depth in the trench 245 
at 80ºN is about 100 days, starting from the point, when shelf convection has totally homogenized 246 
the water column over the shallow (about 50 m depth) bank (Ivanov and Golovin 2007: Figure 10). 247 
Applying this timing to the current simulations suggests that to get first indications of new portion 248 
of dense water in the trench in March, the shelf convection should mix the water column over the 249 
shallow bank by late November – early December. This is entirely feasible, taking into account 250 
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uncertainties in the polynya dynamics. Formation of dense water on the north-eastern Laptev Sea 251 
shelf in winter 2006-07, and down-slope cascading of this water is described in details in the 252 
supplement file.  253 
Another result in favour of our concept follows from Figure 7, which shows the time series 254 
of maximum and minimum temperature at 250 m in 1986-87 and 2006-07. Two top lines are rather 255 
similar, indicating existence of seasonal cycle in the FAW, which is mostly transported from 256 
upstream by the boundary current (Ivanov et al. 2009; Dmitrenko et al. 2009). Time evolution of the 257 
1986-87 temperature minimum also shows well-pronounced seasonal cycle. Although this curve is 258 
shifted in phase from the upper lines, there is no indication of any disturbances, associated with 259 
specific season. Time evolution of 2006-07 temperature minimum is very different. Instead of 260 
quasi-regular seasonal variation, there is rapid temperature drop, starting in March with culmination 261 
in May, and restoration in July to the numbers, close to those in the previous September.  262 
 263 
Figure 7. Time series of maximum and minimum temperature at 250 m depth in 1986-87 and 2006-264 
07: Tmax in 1986-87 - open squares; Tmax in 2006-07 - open circles; Tmin in 1986-87 – crosses; Tmin 265 
in 2006-07 – triangles. 266 
 267 
Page 15 of 36
URL: http:/mc.manuscriptcentral.com/ggaf  Email: A.M.Soward@exeter.ac.uk
Geophysical & Astrophysical Fluid Dynamics
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review Only
16 
 
Evidence of intensive cascading development in the north-western Laptev Sea in April 268 
2007 is provided by vertical temperature and salinity distribution across the continental slope. 269 
Vertical sections along 80ºN in April 1987 and 2007 are presented in Figure 8. The difference in the 270 
pattern of thermohaline properties at the slope is very well distinguished in these plots. In April, 271 
1987 relatively strong halocline (0.3 PSU) separates the water at the 100 m depth from the cold 272 
(near to freezing temperature) and fresher water at the surface (b). In April 2007, almost 273 
homogeneous water layer with salinity around 34.55 PSU is reaching the depth of 350 m (Figure 8, 274 
c), thus allowing deep penetration of the cold water from the surface (d). As a result, in April 1987, 275 
warm Atlantic water (with temperature above zero) is bordering the slope at about 200 m depth, 276 
while in 2007 this water is detached from the slope down to the depth of 400 m (Figure 8, b, d).  277 
(a) (b) 
  
(c) (d) 
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Figure 8. Temperature (ºC) and salinity (PSU) distribution at the vertical section along 80ºN in 
April 1987 (a,c) and in April 2007 (b,d) respectively. 
 278 
 279 
4. Shelf-basin fluxes 280 
Change in the intensity of shelf-basin exchange between late winter – spring 1986-87 and 281 
2006-07, depicted in the previous section, is quantified by cross-slope fluxes of volume, heat and 282 
salt, calculated in accordance with formula (*) for the region, marked by the polygon in Figure 1. 283 
Vertical distribution in Figure 9 shows horizontally averaged specific fluxes per unit square, which 284 
is oriented perpendicular to the bottom topography gradient. Spatial step, used in calculations was 285 
taken equal to 50 m for the depth range 0-500 m, and 100 m, from 500 to 1000 m depth. Offshore 286 
direction is defined as the positive one. 287 
Specific volume flux (m/s) in this case is equivalent to the cross-topography component of 288 
the flow speed. As follows from Figure 9 (a, d), the plane of the transect in both years is divided 289 
into two zones with opposite direction of cross-isobath flow. In the deeper part, which is roughly 290 
bounded by 350 m depth at the slope, the flow is directed onshore with maximum speed near the 291 
deep end of the transect. The largest difference between the two studied years is observed in the 292 
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shallow corner of the transect. In April, 1987 the zone of positive (offshore) flow is confined to 293 
small region around 200 m depth at the slope (a), while in April 2007, there is much more extended 294 
zone of the offshore flow, encompassing the segment of slope from 150 m to 300 m (d). The 295 
maximum speed and especially the offshore one, is higher in 2007. There is an explicit circulation 296 
cell in the zone between 0 and 70 km distance, with offshore motion near the bottom and onshore 297 
motion above it. This circulation cell is an indication of cross-slope dynamics, typical for 298 
„cascading-upwelling‟ events (Ivanov and Golovin 2007).  299 
There is a remarkable difference in heat flux between two compared years (see Figure 9-b, 300 
e). In April 1987, the heat flux below 100 m is generally low and around zero. In April 2007, there 301 
are three very well distinguished zones with opposite signs and high intensities of the heat flux. The 302 
negative flux zone in the left corner completely coincides with the area of the strong offshore flow 303 
(compare: Figure 9 d, e). Since the direction of the flow in this zone is positive, negative heat flux 304 
means that colder water is transported offshore. As was shown in the previous section, this cold 305 
water is apparently the shelf origin water, which is leaking downslope.  306 
(a) (d) 
  
(b) (e) 
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(c) (f) 
  
 
Figure 9. Vertical distribution of mean cross-slope speed of flow, m/s (a, d); specific heat flux, 
W/m
2
 (b, e); salt flux, g/m/s (c, f) in March - May 1987 and 2007. Spatial averaging is done over 
depth contours with lateral bounds, shown in Figure 1.    
 307 
Negative heat flux above 100 m reflects the onshore flow of warmer water from the deep basin. In 308 
the shallow part of the transect (0 -70 km distance) this heat flux is probably associated with 309 
compensatory upwelling, which accompanies cascading (Ivanov and Golovin 2007). The deep zone 310 
with positive heat flux probably reflects the heat exchange within FAW, which is characterised by 311 
stronger temperature irregularity in April, 2007, compared to April, 1987. 312 
Salt flux associated with cascading in the Laptev Sea typically changes sign with 313 
increasing depth (Ivanov and Golovin, 2007). This happens because of salinity stratification, which 314 
makes the water, which sinks in the process of cascading, saltier than the ambient water while 315 
passing the halocline, and fresher when reaching the salty FAW core (see Figure 8-d). This is 316 
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reflected in Figure 9-f by the compact zone with positive salt flux around 200 m depth on the slope 317 
and small negative flux further down the slope. High negative salt flux near the surface in both 318 
years is associated with onshore motion of salty water from the basin, which is stronger in April 319 
2007, because of compensatory upwelling.  320 
Overall, the analysis of cross-slope fluxes of volume, heat and salt points out that in April 321 
2007 the intensity of shelf-basin exchange was substantially higher, than in April 1987. This 322 
difference was especially pronounced at the upper slope and was associated with more intensive 323 
development of cascading. Quantitatively, mean fluxes in two compared cases (April, 1987 and 324 
April, 2007) were: speed of the flow was 0.38 m/s and 0.44 m/s; specific heat flux was 71 W/m
2
 325 
and 246 W/m
2
; specific salt flux was 0.018 g/m
2/
s and 0.034 g/m
2
/s correspondingly. The obtained 326 
results and the limits of their applicability for the seasonally ice free Arctic Ocean are discussed in 327 
the next section.   328 
 329 
5. Discussion and conclusions 330 
Accelerated reduction of the summer ice cover after 2007 led to the dominance of the first-331 
year ice in the Arctic Ocean. Overall result of this tendency (if sustained, as predicted in the recent 332 
CMIP5 model simulations, cited in the Introduction, and in the IPCC report (2007)), will be 333 
increased seasonal range of ice cover and thinner, more fragile sea ice in winter. In this model study 334 
we examined, how such changes in the ice cover properties may affect the shelf-basin exchange due 335 
to expected intensification of dense water formation on shelf and cascading of this dense water to 336 
the adjacent deep basin. We targeted the north-western shelf-slope region in the Laptev Sea, 337 
because of its well-known high potential to produce sufficiently dense water in the past. The 338 
monthly mean output of the NEMO-LIM2 model experiment was analysed for two years with very 339 
different ice conditions: „icy‟ 1986-87 and „ice-free‟ 2006-07. Analysis of temperature distribution 340 
at the depth of the FAW maximum in the Laptev Sea (250 m) have demonstrated visible increase of 341 
the amount of the local origin cold water in late winter 2007 in the region, where this dense water 342 
typically appears as a result of its formation on shelf and downslope leaking. Time evolution of the 343 
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minimum temperature at the 250 m depth revealed a radically different shape of the temperature 344 
minimum curve in 2007 compared to that in 1986-87. The later one exhibits quasi-regular seasonal 345 
cycle, similar to the time evolution of maximum temperature in both studied years. In 2007 the 346 
seasonal cycle is disturbed by a strong decrease of minimum temperature in March-June, which 347 
coincides with the timing, when dense water cascading is at its maximum (Shapiro et al. 2003). 348 
Quantitative analysis of the shelf-basin exchange during March-May in both years on the basis of 349 
calculated volume, heat and salt fluxes confirmed a substantial increase of fluxes in „ice-free‟ 2007 350 
compared to the „icy‟ 1987, on the average by 2 times.   351 
According to several past model studies, dense water production on Arctic shelves in 352 
winter, driven by ice freezing and salt ejection is not likely to cease in a warmer climate, but rather 353 
the opposite (Bitz et al. 2008, Ivanov and Watanabe 2013). There is also observational evidence that 354 
cascading in the seasonally ice covered seas (e.g. the Barents Sea) is much more efficient than it is 355 
in the permanently ice covered Arctic Ocean (Ivanov and Shapiro 2005). This gives us some 356 
confidence that presented results are reasonable and have to be taken into account in future climate 357 
scenarios.  However, we acknowledge that such predictions should be considered with caution, 358 
because of several uncertainties, which are caused by not taking into account in this study probable 359 
additional „actors‟. First of all, the obtained results might be affected by the changing fresh water 360 
content in the surface layer, which is likely going to increase due to excess summer melting.  361 
Whether this extra fresh water stays in the area, where ice melted, or will be moved by surface 362 
currents to the other region of the Arctic Ocean, or even, out of the Arctic Ocean (Mauritzen 2012), 363 
is an open question? Recent observation-based studies (Morrison et al. 2012) suggest that, so far, 364 
the excess melting and river runoff has led to substantial increase of fresh water content in the 365 
Canadian Arctic, while in the Atlantic sector the opposite trend is true and a. moderate salinity 366 
increase is observed (MacPhee et al. 2009). As was pointed out in the introduction, the necessary 367 
condition for effective dense water formation on shelf is the high frequency occurrence of strong 368 
winds in a certain direction, which is able to break ice and open polynyas. Whether the wind pattern 369 
is going to substantially change in the warmer climate is uncertain. We may only speculate that 370 
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under the given wind forcing the thinner ice, which is expected to dominate in the warmer climate, 371 
could be easily broken and moved. As for the two analysed years, the SLP fields in the 372 
corresponding winter months, reconstructed from the NCEP-NCAR reanalysis products 373 
(http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.htm ), do not substantially differ. 374 
In the beginning of this paper we also mentioned wind upwelling as the possible important 375 
contributor to the shelf basin exchange in summer season under the depleted ice cover. We 376 
compared the results of model calculation in summer months of 1987 and 2007 with respect to 377 
possible upwelling intensification. However, no significant changes were found. This does not 378 
mean that the concept of intensified upwelling in the warmer climate is compromised by this study. 379 
We rather conclude that the reason behind this is the overestimation by the model of the summer ice 380 
coverage in the Laptev Sea in 2007 (see Figure 4- c, f).  381 
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 542 
Figure captions 543 
Figure1. The study area. Smoothed bottom topography of the shelf-slope is shown by solid lines. 544 
Polygon marks the region, where flux calculations were performed. 545 
Figure 2. Time series of ice extent (15% concentration) according to satellite data: open circles 546 
denote winter season (Dec – May), triangles denote summer season (Jun – Nov) (Cavalieri 547 
1996, http://nsidc.org/data/nsidc-0051.html). 548 
Figure 3. Mean monthly ice concentration in 1986-87: September-1986, April-1987, September-549 
1987 according to satellite data (a, b, c) and model (d, e, f) respectively. 550 
Figure 4. Mean monthly ice concentration in 2006-07: September-2006, April-2007, September-551 
2007 according to satellite data (a, b, c) and model calculations (d, e, f) respectively. 552 
Figure 5. Model distribution of monthly mean temperature, ºC, and current speed, cm/s at 250 m 553 
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depth in September, 1986 (a) and 2007 (b). 554 
Figure 6. Model temperature distribution (ºC) at 250 m throughout 2006-07: (a) Sep-2006; (b) Feb-555 
2007; (c) Mar-2007; (d) Apr-2007; (e) May-2007; (f) Jul-2007; (g) Aug-2007; (h) Sep-556 
2007.  Contours show smoothed temperature field. 557 
Figure 7. Time series of maximum and minimum temperature at 250 m depth in 1986-87 and 2006-558 
07: Tmax in 1986-87 - open squares; Tmax in 2006-07 - open circles; Tmin in 1986-87 – 559 
crosses; Tmin in 2006-07 – triangles. 560 
Figure 8. Temperature (ºC) and salinity (PSU) distribution at the vertical section along 80ºN in 561 
April 1987 (a,c) and in April 2007 (b,d) respectively. 562 
Figure 9. Vertical distribution of mean cross-slope speed of flow, m/s (a, d); specific heat flux, 563 
W/m2 (b, e); salt flux, g/m/s (c, f) in March - May 1987 and 2007. Spatial averaging is 564 
done over depth contours with lateral bounds, shown in Figure 1. 565 
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The differences in the pan-Arctic circulation between September1987 and 2007 1 
 Figure S1 shows the change in the modelled September ocean upper circulation and water 2 
temperature at 250 m depth between 1987 and 2007. The depth corresponds to the upper part of the 3 
Atlantic water residing in the Arctic Ocean. The principal difference is that in 1987 Atlantic Water 4 
extended farther in the central Arctic Ocean than in 2007, bringing anomalously warm waters in the 5 
Amundsen Basin and in the Makarov Basin. According to the model, the upper intermediate ocean 6 
circulation in the Arctic Ocean in September 1987 was cyclonic (counter-clockwise), with the 7 
Arctic boundary current along the Siberian shelf slope being strong and narrow, consistent with the 8 
other high-resolution modelling studies (e.g. Aksenov et al 2011). In the present simulations the 9 
boundary current extended all way to the Canada Basin, where the upper part of the current became 10 
unstable in the vicinity of the Chukchi Plateau, but still followed cyclonically the Alaskan coast and 11 
then the northern shelf slope of the Canadian Arctic Archipelago, finally forming a strong shelf 12 
slope jet flowing towards Fram Strait (Figure S1-a). In contrast, in September 2007 most of the 13 
warm Atlantic inflow followed the shelf slopes of the Barents and Kara Seas and the temperature of 14 
the inflow was higher than in 1987 (Figure S1-a,b). The cyclonic boundary flow along the western 15 
Siberian shelf slope was also strong but wider. Two jets branched from the current into the Arctic 16 
Ocean interior, one along the Lomonosov Ridge and another along the Mendeleev Ridge with the 17 
Arctic boundary current being essentially blocked in the Canada Basin. Instead, the circulation in 18 
the Canada Basin from the surface down to ca. 300 m was anti-cyclonic (clockwise), coinciding 19 
with the circulation in the Beaufort Gyre (Figure S1-b). The blocking effect was also simulated in 20 
the other models, for more discussion please see e.g., Karcher et al. (2012). Whereas the changes 21 
which occurred between 1987 and 2007 in the Arctic boundary current along the shelf slopes of the 22 
Kara, Laptev and East-Siberian Seas were due to the combined effects of the intensified shelf-basin 23 
exchanges and the variations in the Atlantic water inflow, we attribute the difference in the ocean 24 
circulation in the Canada Basin between these two years to the difference in the large-scale wind 25 
field in the Arctic, with anti-cyclonic winds in 2007 dominating over the Canada Basin (e.g. 26 
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McPhee et al. 2009; Proshutinsky et al. 2011). More analysis, which is beyond the scope of the 27 
present study, is needed to differentiate between local and large-scale causes of the changes in the 28 
Arctic Ocean circulation. 29 
 30 
Formation of dense water on the north-western shelf of the Laptev Sea 31 
 Mapping of anomaly propagation near the seabed is very helpful when describing 32 
cascading events (e.g. Ivanov and Golovin 2007). A brief description of the evolution of 33 
thermohaline structure near the seabed on the north-western Laptev Sea shelf is given below and 34 
illustrated by Figure S2.35 
 In the fall-early winter 2006 thermohaline convection reaches seabed over shallow banks 36 
(about 50 m depth) between 79 ºN and 81ºN. Throughout November and December temperature 37 
drops to the freezing point (Figure S2- j, k) and salinity over the shelf decreases (Figure S2- a,b) 38 
because of thermal convection, which mixes up fresher surface water with saltier deep water. In 39 
January and February 2007, the spot of near to freezing temperature over the shelf increases in size 40 
(Figure S2- l ,m), while salinity is increasing, because of haline convection, induced by ice 41 
formation (Figure S2- c, d). From March to May salinity on the shelf is steadily increasing, due to 42 
recurrent polynya opening and intensive ice formation. The size of the high salinity area grows and 43 
expands offshore and downslope (Figure S2- e, f, g). Downslope and offshore propagation of the 44 
dense water plume and its mixing with the surrounding water is also visualized by the drop in 45 
temperature of Atlantic water (AW): From November to March, the location of the AW layer is 46 
indicated by a positive temperature stripe (Figure S2- i - m), stretched along the continental margin. 47 
Starting from April, the continuity of AW layer is interrupted in the region where dense water 48 
intrusions from shelf occur (79 - 82ºN). The cold segment, sitting in the AW warm pool, moves 49 
south-east, indicating the propagation of the intrusion-affected AW portion along the continental 50 
margin. The June plots of salinity and temperature (Figure S2- h, p) show the final stage of the 51 
process: the high salinity area on the shelf merges with the zone of similar salinity in the deep 52 
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water, forming a wide band of high salinity water over shelf and slope. The main dense water pool 53 
is incorporated in the AW flow. Its location in June is roughly between 77º30’N and 79ºN (Figure 54 
S2- p). It is indicated by low temperature (about 0ºC), but could not be identified by salinity, which 55 
is about the same is in the core of AW layer at this position. It is also important to note that the 56 
thermohaline structure on the shallow shelf to the south of 77º30’N has not radically changed 57 
throughout the winter of 2006-2007. Extremely low salinity in this area, caused by intensive river 58 
water inflow, prevents formation of sufficiently dense water to cascade down the continental slope 59 
(Ivanov et al. 2004). 60 
  61 
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(a) 
 
 
(b) 
 
 
Figure S1. September monthly temperature (colour) and ocean velocity (vectors) at the 250 m depth 
in 1987 (a) and 2007 (b). The velocity scale is shown in the insert. Results from the NOCS-ORCA 
simulations. 
 62 
 63 
 64 
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(g) (o) 
  
(h) (p) 
  
  
  
 
Figure S2. Evolution of average monthly salinity (a – h) and temperature (i – p) near the seabed (s-
level 2) throughout the winter 2006-2007. 
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